The electrical resistance of two samples of ortho-II ordered YBa 2 Cu 3 O 6.5 was measured in a magnetic field up to 62 T applied normal to the CuO 2 planes (B || c).
The Hall resistance R xy as a function of magnetic field is displayed in Fig. 2 for sample A, and in Fig. S1 for sample B, where oscillations are clearly seen above the resistive superconducting transition. Note that a vortex liquid phase is believed to extend well above the irreversibility field, beyond our highest field of 62 T, which may explain why R xy is negative at these low temperatures, as opposed to positive at temperatures above T c . Nevertheless, quantum oscillations are known to exhibit the very same diagnostic characteristics of frequency in the vortex state as in the field-induced normal state above H c2 (0) (e.g. ref. 7). They are caused by the passage of quantized Landau levels across the Fermi level as the applied magnetic field is varied, and as such 3 they are considered the most robust and direct signature of a coherent Fermi surface (FS). The inset of Fig. 2 shows the 2-K isotherm and a smooth background curve. We extract the oscillatory component, plotted in Fig. 3a as a function of inverse field, by subtracting the monotonic background (shown for all temperatures in Fig. S2 ). This shows that the oscillations are periodic in 1/B, as expected of oscillations that arise from Landau quantization. A Fourier transform yields the power spectrum, displayed in Fig.   3b , which consists of a single frequency, F = 530 ± 10 T. In Fig. 3c , we plot the amplitude of the oscillations as a function of temperature, from which we deduce a carrier mass m* = 1.9 ± 0.1 m 0 , where m 0 is the bare electron mass. Within error bars, both F and m* are the same in sample B, for which J || b (see Fig. S1 ). Oscillations of the same frequency are also observed in R xx (in both samples), albeit with a smaller amplitude. We note that while at 7.5 K the oscillations are still perceptible, they are absent at 11 K, as expected from thermally damped quantum oscillations (see Fig. S5 ). 11 . Furthermore, we note that all previous work was done on oriented powder samples as opposed to the high-quality single crystals used in the present study.
Quantum oscillations are a direct measure of the FS area via the Onsager relation: depends on a number of assumptions that will require careful examination. First, we assume that the Onsager relation applies in cuprates exactly as it does in normal metals,
i.e., it is the frequency of oscillations in inverse applied magnetic field, rather than some other internal field, which is related to the Fermi surface area via F = ( Φ 0 / 2π 2 ) A k .
Secondly, we ignore the possibility that electron FS pockets may also exist, although it is not clear why they were not seen here. Finally, we neglect any dispersion along the c-axis. However, in order to recover the Luttinger sum rule solely on this ground, a rather strong dispersion is necessary, something not predicted by band calculations nor evidenced by an additional quantum oscillation frequency. In summary, our unambiguous observation of quantum oscillations in underdoped YBCO proves the existence of a Fermi surface. The small size of the FS pocket associated with the low oscillation frequency suggests two very different scenarios for the non-superconducting ground state of underdoped cuprates. The first is a multi-band scenario in which the ground state is described by the LDA band structure. In the second scenario, the pseudogap phase that lies to the left of T* in the phase diagram is a highly correlated electronic fluid with a Fermi surface made of small pockets at nodal positions, separated from the Fermi liquid of the overdoped regime by a critical point near optimal doping. Our understanding of the underlying mechanisms that govern the behaviour of electrons in high-temperature superconductors will depend in a fundamental way on which of these two scenarios is proven correct. , from the Onsager relation
Note that the uncertainty of 2 % on F is not given by the width of the peak (a consequence of the small number of oscillations), but by the accuracy with While very weak oscillations are still perceptible at 7.5 K, they are completely absent from the data recorded at 11 K, as expected from thermally damped quantum oscillations.
